Introduction
Clinical decision making in patients with intermediate angiographic coronary stenosis (between 50 and 70%) is challenging. 1, 2 Discrepancy between anatomy and function is demonstrated in this setting by extensive data, which showed the unreliability of diameter stenosis as a measure of the physiological relevance to stenosis in terms of impairment of flow reserve. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In this purpose, long-term follow-up of patients deferred for revascularization is now well established with invasive method such as fractional flow reserve (FFR) [5] [6] [7] [8] [9] [10] and to a lesser extent with invasive coronary flow reserve (CFR) using Doppler guide wires. 11, 12 CFR by transthoracic Doppler echocardiography (T-CFR) is a non-invasive and useful tool to assess the physiological significance of left anterior descending artery (LAD) stenosis of intermediate severity. 13 However, its prognostic value is not established in this situation. No prospective data are available concerning the safety of deferring angioplasty in patients with intermediate stenosis, based on T-CFR measurements. Furthermore, based on stress echocardiography, significant proximal LAD stenosis seems to confer a poor prognosis.
14 Therefore, we hypothesized that T-CFR is a valuable non-invasive tool in this setting. We prospectively followed-up patients with proximal LAD stenosis of intermediate severity deferred for revascularization on the basis of T-CFR . 2.
Methods

Study population
One hundred and ten consecutive patients who had proximal LAD stenosis of intermediate severity-50-70% luminal diameter stenosis by QCA (quantitative coronary angiography)-were prospectively evaluated. They underwent coronary angiography mainly for acute coronary syndrome (ACS) involving arteries other than LAD, or for suspected restenosis after angioplasty, or for chest pain with inconclusive exercise electrocardiography. Because in this subset of intermediate stenoses the decision of revascularization based solely on the angiogram is challenging and not recommended, 15 the patients were submitted to functional evaluation of stenosis severity by T-CFR. Our hypothesis was that T-CFR . 2 confer a good prognosis given its high negative predictive value to detect ischaemia in this setting. 13 Exclusion criteria were previous anterior myocardial infarction (MI), significant valvular disease, contraindication to adenosine, CCS (Canadian Cardiac Society) class IV, NYHA class IV, left ventricular ejection fraction (LVEF) , 45%, dilated or hypertrophic cardiomyopathy, and a poor life expectancy which would interfere follow-up (such as malignancy). Patients with multivessel disease could be included if beyond the LAD no other main epicardial vessel showed a lesion suitable for angioplasty or if any other vessel had been subject to prior interventions. Patients with ACS involving other arteries than the LAD were submitted to the functional evaluation of the LAD when they were in stable situation, at least 2 weeks after the acute event. All patients were in stable sinus rhythm and all presented stable coronary artery disease at the time of T-CFR. Eighty patients were treated medically and revascularization of the LAD was deferred on the basis of T-CFR . 2, though the vessel was suitable for angioplasty (Group 1, CFR . 2, n ¼ 80). The cut-off value ,2 of CFR was chosen because it detected significant coronary stenosis and predicted ischaemia in previous invasive and non-invasive studies. [11] [12] [13] [16] [17] [18] However, as CFR is a global evaluation of the coronary tree (from the epicardial artery to the microcirculation), when T-CFR was ,2, an additional stress testing was performed in order to discriminate between truly significant epicardial coronary stenosis and microcirculatory impairment. Therefore, 30 patients had a T-CFR ,2 and underwent an additional dobutamine stress echocardiography (DSE) performed as previously described, 13, 19 the same week as for the adenosine test. Beta-blockers were withheld 48 h before DSE in all cases. DSE was positive in LAD territory in 15 patients who subsequently underwent LAD revascularization, by angioplasty (n ¼ 13) or by bypass graft (n ¼ 2, 2 grafts), within 2 weeks after DSE (group revascularization, n ¼ 15, excluded from subsequent analysis). DSE was negative in 15 patients who then were left to medical therapy (Group 2, CFR , 2, n ¼ 15). (See Figure 1 for the summary of the study design). The choice of the medical treatment was left at the discretion of the treating physician for each case. Informed consent was obtained for all participants.
Coronary angiography
Selective coronary angiography was performed in all patients using standard techniques between 1 week and 1 month before adenosine and dobutamine tests. No cardiac event occurred during this interval. The severity of coronary stenosis was evaluated by multiple projections and was determined by experienced investigators, with commercially available quantitative cardiovascular angiographic software program (Philips, Integris, HM 3000).
Coronary flow reserve
T-CFR was performed with a commercially available machine (Acuson Sequoia 256, Mountain View Cal) as previously described. 13, 19 Briefly, first, the distal part of the LAD was studied using a low multifrequency transducer (3V2C probe). Visualization of the artery was performed with colour Doppler flow mapping guidance, either in the modified parasternal view or in the modified three-apical view. For colour Doppler echocardiography, the velocity range was set in the range of 12-16 cm/s. Blood flow velocity was measured by pulsed wave Doppler echocardiography using a sample volume of 3-4 mm, placed on the colour signal in the distal LAD. We tried to align the ultrasound beam direction as parallel as possible with the distal LAD flow. No angle correction was performed for CFR measurements given that CFR is the ratio between hyperaemic and baseline flow velocity, and is not affected by the actual flow velocity. However, the angle was kept as small as possible during the test.
CFR was measured during intravenous infusion of adenosine (0.14 mg/kg/min over 2 min). Spectral Doppler signals in the distal part of the LAD were recorded at baseline and during hyperaemia and the transducer position was not changed during administration of adenosine. Blood flow velocity measurements were performed offline by an experienced investigator who was blinded to the patient data by contouring the spectral Doppler signals using the integrated software package of the ultrasound system. CFR was calculated as the ratio of hyperaemic to basal mean diastolic flow velocities. Final values of flow velocity represented an average of three cardiac cycles. The intraobserver and interobserver variability of CFR as we previously described is 5%. 13, 19 The electrocardiogram was monitored continuously throughout adenosine infusion. Blood pressure and heart rate were measured at baseline and at the time of peak action of adenosine.
Follow-up and clinical events
Follow-up clinical data were obtained in all patients by telephone contact with the patients, with the referring physician, or by an outpatient medical visit. Events were defined in the following order as death, non-fatal ACS, unstable angina, coronary angioplasty, coronary bypass surgery, and acute heart failure requiring hospitalization. Clinical events were sub-classified into LAD related or target vessel unrelated. LAD-related event was defined as ACS or unstable angina in the LAD territory, revascularization of the LAD, and acute heart failure, if electrocardiographic changes or echocardiographic wall motion abnormalities involving the LAD territory were demonstrated during the episode of heart failure. The primary outcome was defined as the occurrence of death or LAD-related event. Hospital records were used to corroborate outcomes. Two independent investigators blinded to the tests results collected outcome data.
Death was defined as all-cause mortality. In cases of deaths out of the hospital, sudden unexpected deaths were attributed to LAD-related event unless proven otherwise. ACS was defined as newonset or worsening angina that required hospitalization and was associated with ischaemic ST-segment abnormalities, any elevation of cardiac troponin T (normal value , 0.01), or both. Unstable angina was defined by angina at rest or change in pattern of preexisting angina requiring hospitalization but without ischaemic ST-segment abnormalities and cardiac troponin elevation. When at Figure 1 Summary of the study design. least one of these events occurred, the patient was censored at the time of the most severe event.
Statistics
Continuous variables are expressed as mean + SD and categorical variables as percentages. Unpaired or paired t-test and the x 2 test (with the Yate's correction when appropriate) were performed to assess differences according to the variables tested. Patient survival curves for absence of adverse cardiac events were constructed according to the Kaplan-Meier method and compared by the log-rank test. A multivariate Cox proportional hazards model was used. Hazard ratio (HR) with 95% CI was estimated. A P , 0.05 was considered as significant.
Results
Acute results
No serious adverse events occurred during hospitalization in each group.
Among the 42 patients (53%) who had coronary angiography for ACS in Group 1, all but three had troponin elevation, and underwent revascularization. By comparison, nine patients (60%) had coronary angiography for ACS in Group 2, and all but one had troponin elevation and underwent revascularization (P ¼ NS). The distribution of one/two/ three vessel disease was similar in each group, before (0/ 36/6 in Group 1, vs. 0/7/2 in Group 2, respectively), and after revascularization of the culprit vessel(s) (36/6/0 in Group 1, vs. 7/2/0 in Group 2, respectively, P ¼ NS). Patients who underwent angiography for suspected in-stent restenosis were as follows: nine (11%) in Group 1 (four BMS, five DES, mean time delay 7 + 2 months), and two (13%) in Group 2 (one BMS, one DES, mean time delay 7 months) (P ¼ NS). Twenty patients (25%) in Group 1, and four patients (27%) in Group 2 underwent angiography for chest pain with inconclusive exercise electrocardiography (P ¼ NS). Three (3.75%) another patients underwent angiography for positive exercise electrocardiography and six for other reasons, in Group 1. The location of the lesion in the LAD was ostial in two cases (3%), proximal in 60 cases (75%), and mid-proximal in 18 cases (23%) in Group 1 vs. ostial in zero case, proximal in 10 cases (67%), and midproximal in five cases (23%) in Group 2 (P ¼ NS).
Baseline characteristics
No complication occurred during the adenosine test in each group. The characteristics of the study population at the time of the adenosine test are shown in Table 1 . Patients of Group 2 were significantly older than patients of Group 1 (P , 0.05). The mean CFR was 2.8 + 0.5 in Group 1 and 1.75 + 0.2 in Group 2 (P , 0.01). Compared with patients in Group 1, patients in Group 2 exhibited a higher resting coronary flow velocity and a lower hyperaemic coronary flow velocity (all, P , 0.05). No other significant differences were seen between groups 1 and 2 concerning baseline characteristics, including the left ventricular mass index and the rate pressure product at baseline (9125 + 2753 in Group 1 vs. 9935 + 2523 in Group 2, P ¼ NS).
Follow-up
Mean follow-up was 16 + 10 months with a range from 6 to 45 months. Clinical follow-up was completed in all patients.
Globally, the proportion of cardiovascular protective drugs did not change over time in each group. The number of antianginal drugs did not increase over time neither in Group 1 nor in Group 2 as is it shown in Table 2 .
In the group of patients with CFR . 2 and deferred revascularization, 76 patients (95%) remained free of death or target vessel-related events during follow-up. One patient died suddenly at 14 months. No MI was observed. Therefore, death or MI occurred in 1.25% of cases in this group (n ¼ 1). LAD angioplasty was performed in two cases, in the setting of unstable angina at 6 months of follow-up. However, for these two patients the main lesion was a significant stenosis of the circumflex artery, which was responsible of the unstable angina and was treated by angioplasty before the LAD but during the same procedure. The angioplasty of the LAD was performed based on clinical and angiographic data only, by an angiographer not aware of the study. Due to disease progression, one patient underwent elective coronary artery bypass graft (CABG) at 18 months of follow-up (LAD and circumflex artery). Therefore, target vessel revascularization (LAD) was performed in 3.75% of cases in this group (n ¼ 3). Non-target vessel unstable angina occurred in two cases. One was treated by circumflex angioplasty, at 6 months of follow-up, and one was left under medical therapy.
In the group of patients with a low CFR treated medically, 12 patients (80%) remained free of death or LAD-related events during follow-up. One patient died at 8 months (fatal ACS), one had resuscitated cardiac arrest and acute heart failure requiring mechanical ventilation at 15 months, and one had ACS and acute heart failure at 24 months. Therefore, death or target vessel-related event occurred in 20% of cases in this group (n ¼ 3). Non-target vessel coronary angioplasty was performed at 10 months of follow-up in one patient, due to disease progression (circumflex artery). Table 3 summarizes the total events in each group during follow-up.
By the Kaplan-Meier method, at 30 months the per cent estimated survival free from death or target vessel-related events was 92 + 4% in Group 1 and 44 + 22% in Group 2 (P , 0.01) (Figure 2) . After adjustment by age, sex, hypertension, smoking, diabetes, dyslipidaemia, LVEF, % LAD stenosis, prior coronary revascularization, prior MI, multivessel disease, and medical treatment (aspirine, clopidrogel, beta-blockers, statins, angiotensin converting inhibitors/angiotensin receptor blockers, any antianginal drug, at the time of test), T-CFR . 2 remained the only independent predictor of total mortality or LAD events (HR ¼ 0.12, 95% CI 0.01-0.77, P ¼ 0.01).
Discussion
The results of this study show that T-CFR is a useful noninvasive tool for evaluating patients with angiographically intermediate LAD stenosis. This tool is particularly useful in identifying low-risk patients for cardiac events who do not need additional tests and interventions. Deferral of angioplasty in patients with T-CFR . 2 appears a reasonable option, associated with a good clinical outcome in this setting.
FFR, which is determined from coronary pressure measurements during cardiac catheterization, is one of the most reliable tools to assess the functional significance of coronary stenosis of intermediate severity. [4] [5] [6] [7] [8] [9] [10] However, it is expensive and not available in all catheterization laboratories. By contrast, T-CFR is totally non-invasive, easily available at bedside, at low cost. Despite T-CFR is a global evaluation of the coronary tree, limited by the coronary microcirculation impairment, FFR could also be affected by the confounding influence of microvascular disease in the setting of intermediate stenoses, with false-negative results [FFR . 0.75 and perfusion defects in single photon emission computed tomography (SPECT)] in cases of low maximal flow due to high coronary microvascular resistance. 20, 21 When T-CFR is .2, a high negative predictive value for detecting ischaemia was found in patients with angiographic LAD stenosis of intermediate severity. 13 Until now, no data were available to determine the long-term usefulness of T-CFR in this setting, except in a recent multicentre study which demonstrated, in a group of 86 patients with single-vessel disease of intermediate severity, that decreased T-CFR (,2) was associated with a worse outcome. 22 However, the methodology of this study slightly differed as ours because coronary angiography was performed after the stress echocardiography, and T-CFR was performed simultaneously with dipyridamole-stress to assess wall motion abnormalities in that study, whereas in our study T-CFR was used after coronary angiography for decision making as a single tool (when it was .2). The independent prognostic value of T-CFR has been demonstrated by recent studies, using simultaneous wall motion assessment and T-CFR during dipyridamole stress echo, in patients with known or suspected coronary artery disease, with or without diabetes. 23, 24 In patients with T-CFR . 2 deferred for LAD revascularization, the rate of death or MI at 30 months was 1.3% in this study, with a 92 + 4% estimated survival free from death or LAD-related events during the same follow-up. These results are in agreement with previous studies, which demonstrated the usefulness of FFR and invasive CFR for risk stratification of patients with an intermediate coronary stenosis. In patients with intermediate coronary stenosis and FFR . 0.75 the combined risk for death or acute MI is 1% per year with medical treatment alone. 8 In 22 patients with mean intermediate coronary stenosis of 66 + 8.5% and invasive CFR . 2 (2.7+ 0.75), the rate of major adverse cardiac events was 9% at 15 + 6 months of follow-up, with no death or MI. 11 In patients with multivessel disease and an intermediate non-significant coronary stenosis determined with an invasive CFR . 2, the rate of major adverse cardiac events was only 6% at the end of 1-year follow-up. 12 Furthermore, invasive CFR was a more accurate predictor of events than was SPECT in this setting. 12 Despite these coronary stenoses were non-significant, based on T-CFR . 2, they may progress over time and become significant, as it was the case in one of the patients who underwent CABG 16 months later. Continuous scrutiny is necessary with serial T-CFR for instance, and appropriate medical therapy is required, such as statin therapy, antiplatelet agents, and angiotensin-converting enzyme inhibitors, associated with life style modification, to slow the progression of atherosclerosis and reduce cardiac events in these patients. A recent study showed that in patients undergoing stent implantation, the event-rate beyond 1 year after stenting was 6%, related to disease progression in segments other than the stented lesion. 25 The average number of antianginal drugs did not increase over time in Group 1 despite the LAD stenosis was left untreated. Maybe, this suggests that excluding the functional significance of the stenosis might have played a role in reassuring the patient.
Despite the small sample size, the follow-up of patients in Group 2 suggests that a low CFR in this setting confers a poor prognosis, particularly for patients not undergoing LAD angioplasty. However, these patients were older than those with T-CFR . 2, which could have influenced their prognosis. But in multivariate analysis, including other confounding variables, only CFR was an independent predictor of events.
In the era of drug-eluting stents, and according to the theory of 'sealing the plaque' a prophylactic strategy to reduce death and MI could have been discussed for these intermediate stenoses, given that the majority of plaque progression requiring PCI (percutaneous coronary intervention) are usually located in less severe stenoses 26 and plaque rupture is unpredictable using clinical and angiographic findings alone. However, our study shows that except the patient who died suddenly, no patient suffered an ACS including transmural MI during follow-up in the group of patients with CFR . 2 and deferred revascularization. Furthermore a concern has recently risen concerning the safety of drug-eluting stents 27 and no data are currently available to validate an aggressive approach.
Limitations
This is a single centre study with a high experience of noninvasive CFR and the number of patients is relatively small. Therefore our results need confirmation in a larger population before suggesting the systematic use of T-CFR for risk stratification of patients with intermediate LAD stenosis. Our methodology is only applicable with a high success rate in the LAD because the feasibility of non-invasive CFR is far from being equivalent for each coronary territory. 28 Therefore our results cannot be extrapolated to other coronary territories. The sensitivity of stress echocardiography in patients with single vessel disease of intermediate severity is not optimal. 29 Consequently some patients with low CFR and a negative DSE could have been misclassified as having a non-significant stenosis with only microcirculatory impairment. However, DSE was performed without antiischaemic therapy at the time of testing, with maximum achieved heart rate, and our main aim was to assess the safety of deferring angioplasty in patients with CFR . 2. Indeed, compared with patients with low CFR and positive DSE who underwent LAD revascularization (n ¼ 15), patients in Group 2 with low CFR and negative DSE, had a less severe CFR reduction (1.75 + 0.2 vs. 1.6 + 0.2, P , 0.05), which could influence the appearance of wall motion abnormalities during DSE and induce a negative result due to a lack of transmural left ventricular ischaemia. Additional tests such as intravascular ultrasound or FFR should be useful in these patients.
Conclusion
In patients with proximal LAD stenosis of intermediate severity, non-invasive CFR is an interesting prognostic parameter. When T-CFR is .2 in this setting, deferral of revascularization is associated with low event rate.
